In the U.S., despite available swine influenza virus (SIV) vaccines, multiple influenza subtypes as well as antigenic and genetic variants within subtypes continue to circulate in the swine population. One of the challenges to control and eliminate SIV is that the currently used inactivated influenza virus vaccines do not provide adequate cross-protection against multiple antigenic variants of SIV in the field. We previously generated a recombinant H3N2 swine influenza virus (SIV) based on the influenza A/SW/TX/4199-2/98 virus (TX98) containing an NS1 gene expressing a truncated NS1 protein of 126 amino acids, TX98-NS1 126 virus. This recombinant strain was demonstrated to be highly attenuated in swine and showed potential for use as a modified live-virus vaccine (MLV) after intratracheal application in pigs. However, this route of inoculation is not practical for vaccination in the field. In the present study, we first compared intramuscular and intranasal routes of application of the MLV, and found that the intranasal route was superior in priming the local (mucosal) immune response. Pigs were then vaccinated via the intranasal route and challenged with wild type homologous TX98 H3N2 virus, with a genetic and antigenic variant H3N2 SIV (influenza A/SW/CO/23619/99 virus, CO99) and a heterosubtypic H1N1 SIV (influenza A/SW/IA/00239/2004 virus, IA04). The intranasally vaccinated pigs were completely protected against homologous challenge. In addition, MLV vaccination provided nearly complete protection against the antigenic H3N2 variant CO99 virus. When challenged with the H1N1 IA04 virus, MLV vaccinated animals displayed reduced fever and virus titers despite minimal reduction in lung lesions. In vaccinated pigs, there was no serologic cross-reactivity by HI assays with the heterologous or heterosubtypic viruses. However, there appeared to be substantial cross-reactivity in antibodies at the mucosal level with the CO99 virus in MLV vaccinated pigs. Published by Elsevier Ltd.
Introduction
Modified live-virus vaccines (MLV) to protect against influenza virus are now commercially available for human [1] and equine species [2] . The MLV available for these are capable of stimulating a protective immune response as demonstrated against the homologous wild type virus and partial protection against a heterosubtypic virus after intratracheal application [8] . The need for swine vaccines that stimulate broader cross-protection against heterologous SIV is great due to the current milieu of various subtypes and genetic variants within subtypes circulating in the U.S. swine population.
Three major subtypes of swine influenza virus (SIV) currently circulate in U.S. swine populations, H1N1, H1N2, and H3N2, with multiple genetic and antigenic variants within each subtype [9] [10] [11] . Until 1998, SIV in North America was relatively stable with only one predominant circulating subtype, known as the classical swine H1N1 (cH1N1) [12] . However in 1998, H3N2 isolates with human, avian, and swine genes were identified in multiple swine populations across the U.S. [13, 14] , and reassortants between the classical H1N1 and the newly introduced H3N2 viruses rapidly appeared. The reassortments produced H1 swine viruses (rH1N1) with the hemagglutinin (HA) and neuraminidase (NA) from the cH1N1 swine virus and the internal genes from the H3N2 viruses or the HA from the cH1N1 swine virus and the NA and internal genes from the H3N2 viruses (H1N2) [10, [15] [16] [17] . With the acquisition of avian polymerase genes in these viruses, an increase in the rate of genetic change in North American swine influenza isolates appears to have occurred in both H3 and H1 virus subtypes. In addition, human-like H1N1 and H1N2 viruses have been recently isolated from pigs in the U.S. [18] and Canada [19] . In the U.S., swine viruses containing the new human-like HA have combined with the internal genes and/or the N2 NA from the triple reassortant swine viruses. Previous immunity to swine H1 HA is not likely to be protective against the new human-like H1 HA variant.
Antibodies that block binding of the HA protein to host receptors are thought to be responsible for much of the protection conferred by natural or vaccine induced immunity to homologous or antigenically related heterologous viruses, and this is most commonly measured using the hemagglutination inhibition (HI) assay. However, antibodies raised against non-HI epitopes or other viral proteins [20] [21] [22] [23] , as well as cell mediated immunity (CMI) (reviewed in [24] ), clearly play a role in the heterologous cross-reactive immune responses (Het-I) against influenza virus infection. Exposure to live virus or MLV vaccine is likely to have a more robust response against many viral epitopes through heightened cell-mediated immune activation and through the induction of mucosal immunity. These studies have been predominantly conducted in mice, and reports on the in vivo evaluation of cross-protection between antigenically distinct viruses in a natural host are limited. A clinical study evaluating the efficacy of the live, attenuated cold-adapted influenza vaccine reported significant reductions in clinical disease against a virus antigenically drifted from the vaccine strain [3] , suggesting that MLV against influenza virus will have superior cross-reactivity against drifted or het-erosubtypic viruses as compared to traditional inactivated vaccines.
In a previous study we showed the ability of an MLV NS-1 deletion mutant (TX98-NS1 126) to protect pigs against swine influenza after intratracheal vaccination. To investigate the possible use of the TX98-NS1 126 MLV in field situations, we sought to evaluate the efficacy of the MLV given via the intranasal and intramuscular routes against homologous wild type virus. We then evaluated the intranasal administration of the MLV against the homologous wild type virus and a heterologous H3N2 virus, defined by genetic variation in the HA gene and limited crossreactivity in the HI assay with TX98 antiserum [25] . In addition, the intranasal MLV was evaluated against a heterosubtypic rH1N1. The six internal genes of the rH1N1 are more closely related to the triple reassortant H3N2 than those of the cH1N1, although cross-protection induced by the internal gene products of triple reassortant swine H3N2 virus against rH1N1 has not been reported. Here we show the routes and number of applications of the TX98-NS1 126 MLV resulting in the establishment of protective immunity against homologous wild type virus. Further, we show that the TX98-NS1 126 MLV administered via the intranasal route induces a strong local immune response and protects against homologous and (partially) against heterologous viruses.
Materials and methods

Viruses and vaccine preparation
The MLV was generated via reverse genetics from A/SW/TX/4199-2/98 H3N2 (TX98) as previously described [7] . The attenuated vaccine virus contains an NS1 gene with a 3 deletion, producing a protein 126 amino acids in length with a carboxy-terminal truncation (TX98-NS1 126). The remaining seven gene segments are wild type from the TX98 virus. The challenge viruses included wild-type TX98 H3N2, the heterologous A/SW/CO/23619/99 H3N2 (CO99), and the heterosubtypic A/SW/IA/00239/2004 rH1N1 (IA04). Vaccine and challenge viruses were grown in embryonated chick eggs. Challenge viruses were passed once through pigs and broncho-alveolar lavage fluid (BALF) containing pig passed viruses were used to inoculate pigs at approximately 8 weeks of age. Sham inoculated pigs were given BALF from negative cesarean derived-colostrum deprived pigs at like dilutions as the virus inoculum.
Experimental design
Two-week-old conventional pigs obtained from a highhealth herd free of SIV and porcine reproductive and respiratory syndrome virus (PRRSV) were randomly divided into treatment groups. All pigs were treated with ceftiofur crystalline free acid (Pfizer, New York, NY) to reduce bacterial contaminants prior to the start of the study. Two independent animal studies were conducted.
Comparison of MLV application
Thirty-five pigs divided into seven groups of five pigs each were utilized to evaluate the effects of number of MLV doses and route of administration ( Table 1 ). The groups included: non-vaccinated, sham-challenged controls; non-vaccinated, TX98 challenged controls; 1 dose intramuscular (IM) MLV, TX98 challenged; 2 dose IM-MLV, TX98 challenged; 1 dose intranasal (IN) MLV, TX98 challenged; 2 dose IN-MLV, TX98 challenged; and 2 dose IM wild type TX98, TX98 challenged.
Evaluation of the MLV via the intranasal route
To evaluate intranasal administration of the MLV against homologous wild type, heterologous, and heterosubtypic viruses, 70 pigs were divided into 8 groups ( Table 2 ). The non-vaccinated, sham-challenged and vaccinated, shamchallenged control groups contained 5 pigs per group. All challenged groups contained 10 pigs per group at the start of the experiment. Three pigs died from causes not related to influenza infection prior to the challenge date, leaving 9 pigs in these groups: the non-vaccinated, IA04 challenged, the vaccinated, IA04 challenged, and the vaccinated, CO99 chal- lenged groups. All pigs in vaccination groups were vaccinated with 2 IN doses of the MLV. Pigs in both studies were vaccinated with 2 ml of TX98-NS1 126 or wild type TX98 at a dose of 1 × 10 6 50% tissue culture infective doses (TCID 50 ) per ml by slowly dripping vaccine in the nose or injecting intramuscularly. The first dose was given at approximately 3 weeks of age and a second dose of vaccine was administered at 6 weeks of age when appropriate. At 8 weeks of age, pigs from each challenge group were challenged with 2 ml of 1 × 10 5 TCID 50 /ml of virus appropriate for each group. Challenge viruses were given intratracheally while the pigs were anesthetized with an intramuscular injection of a cocktail of ketamine (8 mg/kg), xylazine (4 mg/kg), and Telazol (6 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA). Challenge groups were housed in individual isolation rooms and cared for in compliance with the Institutional Animal Care and Use Committee of the National Animal Disease Center. All animals were humanely euthanized 5 days post-infection (dpi) with a lethal dose of pentobarbital (Sleepaway, Fort Dodge Animal Health, Fort Dodge, IA).
Clinical observation and sampling
To evaluate the efficacy of the MLV given via the intranasal route against homologous and heterologous viruses, pigs were observed daily for clinical signs and rectal temperatures were taken daily from −2 to 5 dpi. Sampling and necropsy were conducted similarly for the initial vaccine application study and the study evaluating the efficacy of intranasal application against homologous and heterologous viruses. Nasal swabs were taken on 0, 3, and 5 dpi, placed in 2 ml minimal essential media (MEM) and frozen at −80 • C until study completion. After euthanasia, each lung was lavaged with 50 ml MEM to obtain BALF. Each nasal swab sample was subsequently thawed and vortexed for 15 s, centrifuged for 10 min at 640 × g and the supernatant passed through 0.45 m filters to reduce bacterial contaminants. An aliquot of 200 l of the filtrate was plated onto confluent phosphate-buffered saline (PBS) washed MDCK cells in 24-well plates. After 1 h incubation at 37 • C, 200 l serumfree MEM supplemented with 1 g/ml TPCK trypsin and antibiotics was added. All wells were evaluated for cytopathic effect (CPE) between 24 and 48 h and subsequently frozen. Aliquots of 200 l from the 24-well frozen-thawed plates were transferred onto confluent MDCK cells in 48-well plates and again evaluated for CPE at between 24 and 48 h post-infection. Ten-fold serial dilutions in serum-free MEM supplemented with TPCK trypsin and antibiotics were made with each BALF sample and virus isolation positive nasal swab filtrate sample. Each dilution was plated in triplicate in 100 l volumes onto PBS-washed confluent MDCK cells in 96-well plates. Plates were evaluated for CPE between 48 and 72 h post-infection. At 72 h, plates were fixed with 4% phosphate-buffered formalin and stained using immunocytochemistry with an anti-influenza A nucleoprotein monoclonal antibody as previously described [26] . A TCID 50 was calculated for each sample using the method of Reed and Muench [27] .
Pathologic examination of lungs
At necropsy, lungs were removed and evaluated for the percentage of the lung affected with purple-red consolidation typical of SIV infection. The percentage of the surface affected with pneumonia was visually estimated for each lung lobe, and a total percentage for the entire lung was calculated based on weighted proportions of each lobe to the total lung volume [28] . Tissue samples from the trachea and right cardiac lung lobe and other affected lobes were taken and fixed in 10% buffered formalin for histopathologic examination. Tissues were routinely processed and stained with hematoxylin and eosin. Lung sections were given a score from 0 to 3 to reflect the severity of bronchial epithelial injury based on previously described methods [25] . The lung sections were scored according to the following criteria: 0.0: no significant lesions; 1.0: a few airways affected with bronchiolar epithelial damage and light peri-bronchiolar lymphocytic cuffing often accompanied by mild focal interstitial pneumonia; 1.5: more than a few airways affected (up to 25%) often with mild focal interstitial pneumonia; 2.0: 50% airways affected often with interstitial pneumonia; 2.5: approximately 75% airways affected, usually with significant interstitial pneumonia; 3.0: greater than 75% airways affected, usually with interstitial pneumonia. A single pathologist scored all slides and was blinded to the treatment groups.
Serologic and mucosal antibody assays
Serum samples were collected by jugular venipuncture at the following time-points: pre-vaccination, pre-boost, prechallenge, and at necropsy on 5 dpi. For use in the HI assay, sera were heat inactivated at 56 • C and treated to remove non-specific agglutinators with a 20% suspension of Kaolin (Sigma-Aldrich, St. Louis, MO) followed by adsorption with 0.5% turkey red blood cells (RBC). The HI assays were done with TX98, CO99, and IA04 viruses as antigens and turkey RBC using standard techniques [29] .
An ELISA used to detect SIV-specific antibodies present in the respiratory tract was performed as previously described [30] with slight modifications. The BALF samples from 5 dpi were incubated at 37 • C for 1 h with an equal volume of 10 mmol dithiothreitol (DTT) to disrupt mucus present in the fluids. Independent assays were run using the TX98, CO99, and IA04 as ELISA antigen. Concentrated wild type virus was resuspended in Tris-EDTA basic buffer, pH 7.8, and diluted to an HA concentration of 100 HA units/50 l. Immulon-2HB 96-well plates (Dynex, Chantilly, VA) were coated with 100 l of SIV antigen and incubated at room temperature overnight. Plates were blocked for 1 h with 100 l of 10% BSA in PBS and washed 3 times with 0.05% Tween 20 in PBS (PBS-T). The assays were per-formed on each BALF in triplicate. Plates were incubated at room temperature for 1 h, washed 3 times with PBS-T, then incubated with peroxidase-labeled goat anti-swine IgA (Bethyl, Montgomery, TX) or IgG (Kirkegaard & Perry Laboratories, Gaithersburg, MD) at 37 • C for 1 h. 2,2 -Azinodi(3-ethylbenzthiazoline-6-sulfonate) (ABTS)-peroxide was added as the substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) and optical density (O.D.) was measured at 405 nm wavelength with an automated ELISA reader. Antibody levels were reported as the mean O.D. for each triplicate sample, and the mean O.D. of each treatment group was compared.
Statistical analysis
Macroscopic pneumonia scores, microscopic pneumonia scores, BALF and nasal swab virus titers, ELISA O.D. readings, and log 2 transformations of HI reciprocal titers were analyzed using analysis of variance (ANOVA) with a p-value ≤0.05 considered significant (JMP, SAS Institute, Cary, NC). Response variables shown to have a significant effect by treatment group were subjected to comparisons for all pairs using the Tukey-Kramer test. Pair-wise mean comparisons between vaccinated and non-vaccinated groups for virus titers were made using the Student's t-test.
Results
Evaluation of route and number of administrations of the MLV: IM-or IN-MLV application reduced pneumonia from homologous TX98 virus challenge
All pigs were free of influenza virus prior to the start of the experiment by nasal swab sampling. Clinically, the general influenza signs after experimental infections with TX98 virus of 8-10-week-old pigs were relatively mild, with almost no detectable coughing or anorexia, even in the nonvaccinated challenged groups. The lungs were removed in toto from each pig and examined for macroscopic evidence of influenza pneumonia. The macroscopic pneumonia was mild, but typical of challenge with TX98 in 8-9-week-old pigs. All vaccinated groups had statistically significant reductions in macroscopic pneumonia as compared to the non-vaccinated, challenged controls (Table 3 ).
One dose IN or two doses IM reduced homologous virus levels
All non-vaccinated TX98 challenged pigs shed virus from the nose on both 3 and 5 dpi, and all pigs had virus replicating in the lung on 5 dpi. One or two intranasal doses of the MLV prevented nasal shedding in all pigs challenged with the homologous TX98 at 3 and 5 dpi (Table 3 ). In addition, infectious virus was not detected in the lungs in any pigs from the 1 or 2 dose IN-MLV vaccinated, TX98-challenged pigs. When given 2 doses, the IM-MLV prevented virus shedding Table 3 Macroscopic lung lesions and virus isolation positive animals in nasal swabs at 3 and 5 dpi and in broncho-alveolar lavage fluid (BALF) at 5 dpi in vaccinated and non-vaccinated pigs Group % Pneumonia a Nasal swab 3 dpi Nasal swab 5 dpi BALF 5 dpi
a Mean ± standard error of the mean. Values within a column with different letters are statistically different at p < 0.05. at 3 and 5 dpi and virus replication in the lung at 5 dpi when challenged with TX98. However, 1 dose given IM conferred only partial protection, as 2 of the 5 pigs were positive by nasal swab at 3 dpi, 3 pigs were positive by nasal swab at 5 dpi, and 3 pigs were positive in the lung at 5 dpi. Two doses of the wt-TX98 given IM prevented all of the pigs from shedding virus from the nose and 4 of the 5 pigs from having virus in the lung at 5 dpi.
Application of MLV induced SIV antibody responses in pigs
All pigs were serologically negative prior to the start of the experiment for H1N1 and H3N2 SIV antibodies by HI assay. Only vaccinated pigs seroconverted to the TX98 H3N2 antigen during the course of the study, although to a very low level. At the time of challenge, three groups had statistically significant geometric mean reciprocal titers greater than the non-vaccinated, sham-challenged control group: the group that received 1 dose of the MLV intranasally, the group that received 2 doses of the MLV intramuscularly, and the group that received 2 doses of wild type virus intramuscularly, with mean titers of 20, 23, and 46, respectively. Although 3 of the 5 pigs in the group that received 2 doses of the MLV intranasally had begun to sero-convert by the challenge date, the group mean titer was not statistically different than the non-vaccinated control group. At 5 days post-challenge, all vaccinated groups had geometric mean titers significantly greater than the nonvaccinated, sham-challenged control group; however none of them were greater or equal to the typical positive cut-off of 40.
Antibodies present in the BALF were measured using ELISA assays with plates coated with the TX98 wild type H3N2. At 5 days post-challenge, 3 of the vaccinated groups had mean O.D. levels of IgG against TX98 that were statistically greater than the non-vaccinated, sham-challenged control group but not different from one another, the groups that received 1 or 2 doses of the MLV intranasally and the group that received 2 doses of the MLV intramuscularly, with O.D. of 1.14, 0.91, and 0.83, respectively. Only 2 of the vaccinated groups had mean O.D. levels of IgA against TX98 that were statistically different from the non-vaccinated, shamchallenged control group, the groups that received 1 or 2 doses of the MLV intranasally, with mean O.D. values of 1.14 and 1.00, respectively. The mean O.D. for the one-and two-dose IN groups were not different from each other.
Clinical efficacy of IN administration of MLV against homologous, heterologous, and heterosubtypic viruses
Again, the general clinical impact of the influenza virus infections was relatively mild in 8-10-week-old pigs for all the isolates evaluated in this study with almost no detectable coughing or anorexia, even in the non-vaccinated challenged groups. On any day post-challenge, the nonvaccinated TX98-and CO99-challenged group means never reached the minimum value for fever (≥39.5 • C), calculated as two standard deviations above the mean rectal temperature of all pigs on day zero plus all sham-infected pigs throughout the study. However, many of the non-vaccinated H1N1 IA04-challenged pigs were febrile beginning on 2 dpi and mean rectal temperatures for the group were above the febrile level from 3 dpi until necropsy on 5 dpi (Fig. 1) . From 2 to 5 dpi, the MLV vaccinated, IA04-challenged pigs had reduced rectal temperatures as compared to the Fig. 1 . Mean rectal temperatures from 0 to 5 days post-infection (dpi) in pigs vaccinated 2 times via the intranasal route or non-vaccinated and challenged with homologous and heterologous viruses. Days post-infection are plotted along the X-axis. The cut-off for a febrile response was calculated as two standard deviations above the mean rectal temperature of 0 dpi and sham inoculated pigs from 0 to 5 dpi and is represented by the dashed horizontal line. *Statistical significance at p < 0.05 was detected between the non-vaccinated IA04 challenged pigs compared to MLV vaccinated IA04 challenged pigs at 5 dpi. Table 4 Macroscopic and microscopic pneumonia in non-vaccinated pigs and pigs intranasally vaccinated two times with modified live-virus vaccine and challenged with homologous and heterologous SIV a Group % Pneumonia Histopathologic score (0-3)
25.9 ± 2.9 3.0 ± 0.1 MLV/IA04 21.1 ± 2.7 2.7 ± 0.2 a Mean ± standard error of the mean. * Statistically significant reduction as compared to respective nonvaccinated challenged control at p < 0.05. non-vaccinated, IA04-challenged control group, and by 5 dpi the mean rectal temperatures were significantly different (39.1 • C versus 40.0 • C, respectively). There was a trend for all MLV vaccinated and challenged groups to have reduced rectal temperatures compared to their respective non-vaccinated challenge controls by day 4 and 5 post-challenge.
All isolates induced some level of lung pathology in the non-vaccinated challenged controls, although the severity was different between the IA04 rH1N1 and the H3N2 isolates ( Table 4 ). The MLV significantly reduced the percentage of macroscopic lung pathology in groups challenged with either the homologous TX98 virus as well as the heterologous CO99 H3N2 virus. There was no difference in percentage of pneumonia between the vaccinated and non-vaccinated IA04 groups.
Sections of lung were taken from the right cardiac lobe and/or lobes with macroscopic lesions for microscopic evaluation. Histopathologically, the extent of damage to lung architecture also varied between virus isolates ( Table 4 ). The microscopic lung sections from non-vaccinated TX98challenged pigs tended to demonstrate only a few airways with epithelial damage in combination with mild focal interstitial pneumonia. The lung sections from non-vaccinated CO99-challenged pigs tended to demonstrate moderate pathology with approximately 50% of the airways affected by bronchiolar epithelial damage and peri-bronchiolar lymphocytic cuffing, often in combination with interstitial pneumonia. In contrast to the H3N2 isolates, the sections of lungs from IA04 rH1N1 non-vaccinated challenged pigs had severe microscopic pathology with greater than 75% of the airways demonstrating epithelial damage in combination with interstitial pneumonia. The IA04 infected lungs were also noted to have a marked infiltration of neutrophils and tracheal epithelial damage. The histopathologic scores for groups vaccinated and challenged with H3N2 viruses were significantly reduced compared to their respective nonvaccinated challenge controls and were no different than the sham-challenged controls. However, the MLV did not reduce microscopic lung pathology in the IA04 challenge group. Table 5 Log 10 mean virus titers in nasal swabs at 3 and 5 dpi and in broncho-alveolar lavage fluid (BALF) at 5 dpi in non-vaccinated pigs and pigs intranasally vaccinated 2 times with modified live-virus vaccine challenged with homologous and heterologous SIV a
Group
Nasal swab 3 dpi Nasal swab 5 dpi 
IN vaccination with the MLV reduced TX98, CO99, and IA04 virus levels
All pigs were free of influenza virus prior to the start of the experiment by nasal swab sampling. As seen in the first experiment, 2 intranasal doses of the MLV prevented nasal shedding in all pigs challenged with the homologous TX98 at both time points after challenge. Infectious virus was not detected in the lungs in any pigs from the vaccinated, TX98-challenged pigs. Additionally, 8 out of 9 pigs vaccinated and challenged with the antigenic variant CO99 had no detectable virus in the nose on 3 and 5 dpi. Seven of the nine pigs in this group had no detectable virus in the lung at 5 dpi. All pigs challenged with the heterosubtypic IA04 were positive for virus in the nose at 3 and 5 dpi and in the lung at 5 dpi.
There were statistically significant reductions in group mean virus titer levels in the MLV groups challenged with TX98, CO99 or IA04. The TX98 virus titers were below detectable limits in all nasal swabs and BALF in the vaccinated group. The CO99 mean titers were reduced for both nasal swab time points and in BALF as compared to the non-vaccinated CO99 challenge control ( Table 5 ; p < 0.05). Additionally, the individual virus titers for the two viruspositive animals were reduced at both time points in the nose and in the lung as compared to the group mean for the nonvaccinated CO99 challenge control. At 3 dpi, there was no difference between the MLV vaccinated, IA04 challenged group and the non-vaccinated IA04 challenge control group with regard to nasal shedding. However, by 5 dpi, there were statistically significant reductions in mean virus titers in nasal swabs and BALF between vaccinated and non-vaccinated IA04 challenge groups.
Intranasal MLV administration induced modest serum HI antibody titers, but robust and cross-reactive local antibody levels
All pigs were negative prior to the start of the experiment for H1N1 and H3N2 SIV antibodies by HI assay. Only pigs vaccinated with the MLV seroconverted by HI assay to the TX98 H3N2 antigen during the course of the study, and there were no statistical differences in geometric mean HI titers between the vaccinated groups at any time point postvaccination (Table 6 ). Overall, the HI titers to the vaccine virus were low and 16 of the 33 MLV vaccinated pigs had HI titers below 1:40 at 5 dpi. No pigs seroconverted to the antigenic variant H3N2 CO99 or the heterosubtypic rH1N1 IA04 by HI assay at 5 dpi. By ELISA assay, all MLV vaccinated groups had significant levels of IgG against the parental TX98 H3N2 virus in the serum (Table 6 ). By contrast, only MLV vaccinated pigs challenged with the heterosubtypic IA04 rH1N1 had significantly increased serum IgG against either CO99 H3N2 or IA04 rH1N1 compared to the negative controls. Antibodies present in the BALF were measured using ELISA assays with plates coated with each of the three viruses ( Table 7 ). The MLV alone induced a strong IgA and IgG antibody response against the parental TX98 H3N2 virus at the respiratory mucosa. Additionally, significant levels of IgG antibodies cross-reacting with the genetic variant CO99 H3N2 were induced by the MLV alone. Trends for elevated IgA levels against CO99 were seen in all vaccinated groups, although the levels were only statistically different at 5 dpi in the vaccinated and CO99-and IA04-challenged groups. Although the MLV alone did not stimulate significant levels of IgG or IgA antibodies that cross-reacted to the IA04 rH1N1, by 5 dpi the pigs vaccinated and challenged with the rH1N1 had begun to produce IgG that reacted to the rH1N1.
In addition, vaccination with the MLV and challenge with the rH1N1 appeared to have a booster effect on IgG crossreacting to CO99 H3N2. This was similar to the trend seen in serum IgG.
Discussion
The NS1 protein of influenza virus contributes to virulence by interacting with the host type 1 interferon (IFN) antiviral response [31] . The carboxy-terminus is reported to contain the effector domain required for optimally antagonizing the type 1 IFN pathway [32] . The amino terminus is reported to contain the RNA binding domain [33] , which may allow the NS1 protein to sequester viral RNA and avoid detection by host cell virus sensors [34] . Swine H3N2 viruses with deletion mutations in the 3 end of the NS1 gene derived through reverse genetics have been demonstrated to be highly attenuated in vitro and in pigs [7] . The attenuation is due, at least in a major part, to a decreased ability to block antiviral mechanisms, with subsequent host cell upregulation in the expression of type 1 interferons and downstream effectors, such as Mx and protein kinase R [32] . Of the mutants described by Solorzano et al. [7] , a virus with an NS1 protein 126 amino acids in length (TX98-NS1 126 H3N2) was chosen to be evaluated as an MLV due to its attenuation along with its ability to stimulate immunity in pigs. The Table 7 Mean O.D. levels for anti-influenza antibody in broncho-alveolar lavage fluid (BALF) at 5 dpi against each of the 3 challenge virus antigens in non-vaccinated pigs and pigs intranasally vaccinated with 2 doses of modified live-virus vaccine a TX98-NS1 126 H3N2 MLV was previously demonstrated to provide complete protection from homologous challenge as well as partial Het-I against a heterosubtypic cH1N1 when used as an MLV [8] . The earlier study administered the MLV by giving one dose intratracheally and a booster dose intranasally.
In this study, we first evaluated the role of route of administration (IM versus IN) as well as number of doses needed to develop immunity to protect against the homologous wild type virus. The MLV was shown to have complete efficacy against challenge with homologous virus in 1 or 2 doses given intranasally and when 2 doses were given intramuscularly. The intranasal route induced the highest levels of IgA in the BALF in 1 or 2 doses, as well as levels of IgG in BALF equivalent to 2 doses of IM-delivered MLV. Due to the level of protection and stimulation of the mucosal immune response with intranasal administration of the MLV, a second study was conducted to compare the efficacy of 2 doses of the MLV given intranasally to protect against the homologous wild type H3N2, a heterologous H3N2, and a heterosubtypic rH1N1. Since 1 dose versus 2 doses of IN administered MLV was not evaluated against challenge by heterologous or heterosubtypic virus, 2 doses were given in the second study to maximize the efficacy against heterologous viruses. Efficacy was measured by monitoring rectal temperatures, shedding of virus from the nose, replication of virus in the lung, and macroscopic and microscopic lung lesions. In addition, antibody response in the serum and at the respiratory mucosa was measured to evaluate the ability of the MLV to induce crossreactive antibodies against heterologous and heterosubtypic viruses. The results obtained in the present study demonstrate that the MLV is highly efficient at protecting against a heterologous homotypic H3N2 virus and provides partial protection against a heterosubtypic rH1N1 virus when administered via the intranasal route.
Two doses given intranasally of the TX98-NS1 126 H3N2 MLV conferred complete protection from challenge with the wild type TX98 H3N2 virus. Virus was not detected from any pigs in this group at any time point and macroscopic and microscopic lesions were both significantly reduced to minimal or undetectable levels. Live challenge and recovery or natural exposure to influenza virus has been well documented to have improved Het-I over inactivated vaccines [35] [36] [37] [38] . To demonstrate the ability of the NS1 deletion mutant in inducing Het-I, vaccinated pigs were challenged with a heterologous H3N2 and a heterosubtypic rH1N1. The TX98-NS1 126 H3N2 MLV was effective against the heterologous CO99 H3N2, which is genetically and antigenically distinct from the TX98 H3N2 [25] . Based on virus detection from the nose on 3 and 5 dpi and in the lungs at 5 dpi, 7 of the 9 pigs in the MLV vaccinated, CO99 challenged group demonstrated complete protection. One pig was positive for virus in the nose at 3 and 5 dpi and from the lung at 5 dpi and one pig was positive for virus only from the nose at 3 dpi. Macroscopic and microscopic lesions were significantly reduced as well. There was also a trend for the MLV vaccinated pigs to have reduced rectal temperatures compared to the non-vaccinated, challenged controls toward the end of the evaluation period, although neither the TX98 nor the CO99 challenged control groups were considered febrile based on group mean temperatures. In contrast, the IA04 rH1N1 did induce a febrile response. Remarkably, the MLV protected against pyrexia when challenged with the heterosubtypic rH1N1 IA04.
The presence of cross-reacting antibodies, especially IgA, induced by the MLV at the respiratory mucosa at the time of challenge would suggest their involvement in protection from the heterologous homotypic CO99 H3N2. The MLV induced significantly higher levels of IgA that cross-reacted to CO99 compared to non-vaccinated groups. The 2 pigs from the MLV vaccinated, CO99 challenged group in which virus was detected in the nose or lung had the lowest O.D. values for IgA in the BALF, further suggesting the importance of cross-reactive IgA for Het-I at the respiratory mucosa. In mice, cross-reactive IgA induced by natural infection was shown to be strongly correlated to protection from challenge with a heterologous homotypic virus [35] . Serum HI antibody titer and cross-reactive cytotoxic T-lymphocytes were not correlated with protection from infection, but instead were related to recovery [35] . In addition, IgA was shown to be more cross-reactive than IgG against heterologous virus, and passive transfer of IgA to non-immune mice conferred protection [39] , whereas mucosal administration of anti-IgA to immune mice blocked protection from re-infection with the same virus [40] . Pigs immunized with virulent SIV and then challenged with the same virus 42 days later did not have a detectable anamnestic serum antibody response [30] . However, an anamnestic mucosal immune response (rise in IgA and IgG) was detected in the nasal cavity, the site of challenge, indicating that this compartment of the immune system was stimulated [30] . These data support the hypothesis that antibody mediated protection at the mucosal level is important for clearing the respiratory tract of SIV and may not be accurately reflected by systemic antibody levels. This is consistent with our findings reported here.
Intranasal vaccination with the MLV induced a relatively rapid appearance of serum and mucosal IgG antibodies reacting to the heterosubtypic rH1N1 compared to the non-vaccinated, IA04 challenged pigs. Similar results were demonstrated in the previous report by Richt et al. [8] , evaluating the TX98-NS1 126 H3N2 MLV against a classical swine H1N1 when the vaccine was administered via an intratracheal route followed by an intranasal boost. These results suggest that the immunity induced by the MLV allows for a more rapid development of antibody reacting to heterosubtypic viruses, such as the rH1N1 demonstrated here. The presence of IgG reacting to the IA04 rH1N1 may be responsible for the decrease in shedding and virus replication in the lung, as the amount of virus in nasal swabs and in BALF was reduced by 5 dpi as compared to the non-vaccinated, IA04 challenged controls. This suggests that although the MLV may not prevent heterosubtypic infection, it appears to reduce the duration of shedding and may lead to a more rapid recovery. The ability of a monovalent MLV to reduce fever and virus load due to an infection with a heterosubtypic virus gives this type of vaccine great potential to the swine industry. The Het-I induced by MLV like the one described here may have a significant impact on the epidemiology of novel swine viruses emerging in the population by reducing viral shedding and potentially limiting the spread of such novel viruses.
The ELISAs utilized in this study contain whole virus as antigen, so it is unclear which of the viral proteins are recognized by the antibodies induced by the MLV. A serologic profile of pigs with natural infection induced antibodies against HA, NA, NP, M1, NS1, and NS2, whereas pigs vaccinated with an inactivated vaccine demonstrated IgG primarily against the HA and NP proteins [41] . This, however, may not reflect the antibody profile at the respiratory mucosa, but it does suggest a broader cross-reactive antibody profile with infection of SIV in the natural host. Infection with live virus, MLV or DNA vaccines prime the immune system through intracellular mechanisms [42] [43] [44] [45] , which may promote a more balanced and effective immune response. It is presumed that the TX98-NS1 126 H3N2 MLV evaluated in this study induces a similar balanced immune response, although CMI was not evaluated in this study.
Serum HI antibody titers induced by the intranasal administration of the MLV were low and even below detectability in many pigs. This is in contrast to the high levels of antibody induced at the respiratory mucosa and the IgG in serum detected by ELISA. The HI titers in pigs with intratracheal administration of the MLV were reported to be slightly higher [7, 8] and may reflect a difference in serum HI response between intranasal and intratracheal administration. However, HI titers from pigs vaccinated with either form of respiratory mucosal administration are relatively low compared to HI titers induced by inactivated vaccines administered intramuscularly. In addition, a 2-dose IM administration of the MLV demonstrated the highest serum HI titers of all the MLV vaccinated groups at 5 dpi, but poorly induced the IgA response at the respiratory mucosa. Interestingly, the 2-dose IM administration of wild type TX98 virus induced the highest HI titers and a similar pattern of mucosal antibody production as the 2-dose IM-MLV (data not shown). None of the vaccines utilized in this study were applied with adjuvants. Based on this report and previous experience with adjuvanted inactivated vaccines (Vincent et al., unpublished) , the IM administration of the MLV or wild type virus elicits mucosal antibody profiles more similar to IM-administered inactivated vaccines than that elicited by IN or intratracheal administration of the MLV. These results underscore the difference between IM-administered vaccines and IN-administered MLV and their abilities to activate different compartments of the immune system. The IN-MLV induced greater levels of local IgA and was therefore chosen to be the preferred route of administration used in the het-erologous and heterosubtypic challenge study. Importantly, serum HI may not be a good indicator of protection or crossprotection in individuals primed by natural exposure or MLV at the respiratory mucosa.
In U.S. rH1N1 and H1N2 swine viruses studied to date, the M, NP, and NS genes are of classical swine H1N1 origin, the PB1 of human origin, and the PA and PB2 genes of avian origin, and these internal genes are similar to the triple reassortant swine H3N2 viruses, including TX98 and CO99 [17, 46] . The M and NP genes have been demonstrated to be conserved between influenza isolates [47, 48] , and their proteins are reported to be involved in heterologous immunity (reviewed in [49] ). Based on these observations, we hypothesized that the MLV protection against rH1N1 viruses might be improved as compared to the previous results with the cH1N1. The MLV did not appear to have an advantage against the rH1N1 compared to the cH1N1 previously reported [8] . However, the IA04 rH1N1 has been demonstrated to be more virulent than the MN99 cH1N1 [9] , indicating that the MLV was tested in an extreme scenario in this study. Notably, it showed a partial protection against this challenge. Although we have demonstrated that the H3N2 MLV has partial protection against heterosubtypic viruses, we would propose that any MLV to reach the market in the swine industry should be targeted against homotypic strains or should be bivalent and include both H3N2 and H1N1 vaccine strains.
Pigs are a natural host for influenza virus and serve as an excellent model for the study of influenza pathogenesis and vaccination strategies. The vaccination and challenge model we have described provides an opportunity to further explore the molecular and cellular control mechanisms for homologous and heterologous immunity induced by MLV vaccines in a natural host. The role of early innate and inflammatory signals as well as the involvement of the humoral and CMI systems can be more carefully examined in future studies utilizing this model. Furthermore, caution is needed when relying on HI cross-reactivity to estimate cross-protection from live or MLV priming, even within the same HA subtypes, as demonstrated by the swine H3N2 viruses used in this model and in recent work with H1 viruses (Vincent, unpublished) . With the continual emergence of swine influenza virus genetic and antigenic variants as well as novel subtypes, the swine industry is faced with the challenge of controlling this disease with inactivated vaccines prepared from parent strains with limited representation of the current milieu of viruses circulating among swine. The development of vaccination strategies that induce greater Het-I is necessary to reduce the costly ramifications of this disease. Of equal importance, improved vaccines are needed to reduce the reassortment potential and production of novel viruses due to the large number of farms infected with SIV, the large number of antigenic variants circulating within each of the subtypes of SIV in the U.S., and the constant pressure from human and wildlife reservoirs.
